ABSTRACT
B
ovine ephemeral fever virus (BEFV) is an arthropod-borne rhabdovirus that is classified as the type species of the genus Ephemerovirus (1) . BEFV causes an acute febrile disease of cattle and water buffalo in a zone extending from Africa to the Middle East, Asia, and Australia. The 14,900-nucleotide negative-sense single-stranded RNA (ssRNA) BEFV genome contains 10 long open reading frames (ORFs), arranged in the order 3=-N-P-M-G NS -␣1-␣2-␤-␥-L-5=, encoding the five common rhabdovirus structural proteins (N, P, M, G, and L) and several additional proteins of unknown function. The BEFV G NS gene encodes a large nonstructural glycoprotein of unknown function that is expressed on the cell surface but does not occur in virions and appears to have arisen by duplication of the G gene (2, 3) . The other small BEFV accessory genes (␣1, ␣2, ␤, and ␥) also encode proteins of unknown function that have not previously been detected in infected cells or in virions. BEFV ␣1 is predicted to be a 10.5-kDa protein with structural characteristics that suggest that it may function as a viroporin with an N-terminal domain containing clusters of aromatic residues, a putative hydrophobic transmembrane domain, and a highly basic C-terminal domain (4, 5) . Similar uncharacterized viroporin-like proteins are encoded in the genomes of all other ephemeroviruses (species Kimberley virus, Adelaide River virus, Obodhiang virus, and Kotonkan virus), as well as several other arthropodborne rhabdoviruses, including the tibroviruses (species Tibrogargan virus and Coastal Plains virus) (5) (6) (7) (8) .
Viroporins are ion channel proteins that enhance membrane permeability to facilitate various aspects of virus replication. They are usually small nonglycosylated transmembrane proteins (50 to 120 amino acids [aa] ) that generate hydrophilic membrane pores upon oligomerization (9, 10) . Viroporins (or putative viroporins) have been described in a wide range of viruses, including positivesense ssRNA viruses (Coronaviridae, Flaviviridae, Picornaviridae, Togaviridae), negative-sense ssRNA viruses (Orthomyxoviridae, Paramyxoviridae), double-stranded RNA viruses (Reoviriade), reverse-transcribing RNA viruses (Retroviridae), and doublestranded DNA viruses (Poxviridae, Polyomaviridae, Papillomaviridae, Phycodnaviridae). They have been classified according to their various membrane topologies, which may feature one or more transmembrane domains with the N terminus and C terminus oriented either toward the lumen or toward the cytosol (10) . By disrupting the ion balance in cells, viroporins have been shown to facilitate virus uncoating in endosomes (11) , virus assembly, budding, and release (12) , glycoprotein trafficking, and the induction of caspase-dependent apoptosis (13) . Viroporins may also have secondary functions through their interaction with host cell proteins via the cytoplasmic domain. The C-terminal cytoplasmic domain of human immunodeficiency virus type 1 (HIV-1) viroporin Vpu interacts with and is subsequently involved in the degradation of CD4 in the endoplasmic reticulum; the 54-aa C-terminal cytoplasmic domain of the influenza A virus (IAV) M2 protein and the N-terminal cytoplasmic domain of the severe acute respiratory syndrome coronavirus (SARS-CoV) 3a protein have each been shown to interact with caveolin-1, a cholesterolbinding protein involved in lipid rafts (14) (15) (16) . Due to their critical roles in infection and pathogenesis, viroporins are attracting increasing interest as targets for antiviral therapies (10) .
In this paper, we demonstrate that the BEFV ␣1 protein has the functional characteristics of a viroporin. We show that ␣1 expression arrests growth in Escherichia coli and increases membrane permeability in E. coli and in mammalian cells, in which it localizes in the Golgi complex. We also provide evidence that ␣1 interacts specifically with the nuclear transport receptors importin ␤1 and importin 7.
MATERIALS AND METHODS
Origins and growth of viruses. BEFV strain CS1865 was used as a source of the ␣1 gene. The virus was isolated from a clinical case of bovine ephemeral fever at Kowanyama, Queensland, Australia (141°44=E, 15°28=S), in 1969 and was passed 11 times intravenously in cattle, three times in suckling mice, and once in C6-36 Aedes albopictus cells (T. D. St. George, personal communication). The virus was then passaged once in BHK-BSR cells for preparation of total RNA. BEFV strain CS919 is a cell culture-adapted virus which does not express ␣1 due to a corruption in the transcription termination signal of the upstream ORF (G NS ). CS919 was isolated from the same source as the prototype strain BB7721 (Charters Towers, Queensland, Australia [146°15=E, 20°04=S]) in 1968, but it has a different passage history. Bluetongue virus (BTV) serotype 1 (strain CS156) was used as the source of the NS3 gene. The virus was isolated from cattle blood collected at Beatrice Hill, Northern Territory, Australia (131°20=E, 12°39=S), in 1979 (17) . It was passaged 13 times in BHK-21 and Vero cells prior to one passage in BHK-BSR cells for preparation of total RNA. The virus infection and transfection studies reported here were conducted in BHK-BSR, HEK293T, or COS-7 cells cultured at 37°C in Eagle's minimum essential medium (EMEM) supplemented with 10 mM HEPES, 6.7 mM NaHCO 3 , 2 mM L-glutamine, 137 mM streptomycin, 80 U/ml penicillin, and 5% fetal calf serum (growth medium) or 2.5% fetal calf serum (maintenance medium).
Plasmid construction and transfection. Total RNA was extracted from infected BHK-BSR cells using a Qiagen RNeasy kit according to the manufacturer's specifications. cDNA was synthesized using a SuperScript III first-strand synthesis system (Life Technologies) and 10 M random hexamer primers (GeneWorks). The BEFV ␣1 ORF was amplified using specific primers and cloned into the BamHI and SalI sites of pGBKT7 (Clontech). The ORF was subsequently excised from pGBKT7 with NdeI and PstI and cloned into the corresponding restriction sites of pMALc5x (New England BioLabs). To prepare green fluorescent protein (GFP) fusion constructs, the ␣1 ORF was excised from pGBKT7 using BamHI and SalI and cloned into the BglII and SalI sites of pAcGFP1c2 (Clontech).
The BTV NS3 ORF was amplified using specific primers and cloned into the pGEM-T Easy vector (Promega). The ORF was subsequently excised with EcoRI and cloned into the corresponding site of pAcGFP1c2. The ORF was subcloned from pAcGFP1c2 into pMALc5x using EcoRI. The ORF expressing the Nipah virus (NiV) V protein was amplified from pCAGGS-NiV-V (18) using specific primers and cloned into the BglII and BamHI sites of pEGFPc1 (Clontech).
The histone H1°ORF was amplified using gene-specific primers modified to introduce sites for Gateway cloning (Life Technologies). The ORF was subsequently cloned into pDEST-RFP (19) using the Gateway system according to the manufacturer's specifications to yield pDEST-RFP-H1°.
All constructs were sequenced to verify their integrity. Plasmid transfections of mammalian cells were conducted using the Lipofectamine 2000 reagent (Life Technologies) according to the manufacturer's specifications.
SDS-PAGE and immunoblotting. Protein extracts were treated and analyzed using precast NuPAGE Novex bis-Tris SDS-polyacrylamide gels (Life Technologies) according to the manufacturer's instructions. The separated proteins were transferred from polyacrylamide gels to Hybond-LFP polyvinylidene difluoride membranes (Amersham) using an XCell II blot module (Life Technologies). Membranes were blocked with 5% skim milk in phosphate-buffered saline (PBS)-Tween (0.5%) for 1 h and then incubated for 1 h with primary antibody at the following dilutions: anti-BEFV ␣1 rabbit polyclonal antibody (GenScript), 1:2,000; anti-BEFV N monoclonal antibody 11A3 (20) Confocal microscopy. Cells on glass coverslips were fixed with 4% paraformaldehyde in PBS for 40 min at room temperature and then washed and stored in PBS at 4°C. Cells were permeabilized with 0.1% Triton X-100 for 10 min, and nonspecific binding was blocked with 0.5% bovine serum albumin (BSA) in PBS (PBS-BSA) for 30 min. Cells were subsequently stained for 1 h with specific primary antibodies (described below), washed 3 times for 5 min each time in PBS, incubated for 1 h in species-specific secondary antibodies conjugated to either Alexa Fluor 568 or Alexa Fluor 488 (1:200 dilution; Life Technologies), washed 2 times for 5 min each time with PBS, and rinsed twice in sterile distilled H 2 O. Nucleic acids were labeled with DAPI (4=,6-diamidino-2-phenylindole dihydrochloride; Sigma) in distilled water, and the coverslips were then mounted on microscope slides in Vectashield mounting medium (Vector Laboratories), sealed with nail varnish, and imaged using a Leica Microsystems SP5 confocal microscope with a ϫ60 oil immersion objective lens.
BEFV G, BEFV ␣1, and BEFV N were visualized in infected cells using anti-BEFV G polyclonal antibody produced in rabbits infected with a recombinant vaccinia virus expressing BEFV G (rVV-G; 1:200) (2), anti-BEFV ␣1 rabbit polyclonal antibody (1:500; GenScript), and BEFV N monoclonal antibody 11A3 (1:500), respectively. To investigate the subcellular localization of BEFV ␣1, transfected cells were treated with leptomycin B (2.8 ng/ml) for 3 h, stained with either Golgi complex marker anti-GM130 (1:500; BD Biosciences) or endoplasmic reticulum (ER) marker mouse anti-protein disulfide isomerase (PDI; 1:1,000; Quantum Scientific), fixed, and imaged. To assess the colocalization of BEFV ␣1 with importins ␤1, ␣3, and 7, cells transfected with either pAcGFPc2 or pAcGFPc2-BEFV␣1 were immunostained with anti-importin ␤1 (1:500 dilution; Abcam), anti-importin 7 (1:500 dilution; GeneTex), or antiimportin ␣3 ( The fluorescence intensity in digitized confocal microscope images was measured using ImageJ software to calculate the ratio of nuclear to cytoplasmic fluorescence corrected for background fluorescence (F n/c ) for Ͼ30 images (22) , and statistical significance was calculated using a twotailed Mann-Whitney test with a 95% confidence interval. Growth, induction, and membrane permeability assays in bacteria. Single colonies of E. coli DH5␣ (Life Technologies) transformed with plasmids containing MBP fusion constructs inoculated into 5 ml LB containing 100 g/ml ampicillin (LB-amp) were incubated overnight at 37°C, diluted 1/100 in 5 ml of LB-amp, and grown to an optical density at 600 nm (OD 600 ) of 0.4 before induction with 2 mM IPTG (isopropyl-␤-Dthiogalactopyranoside). For membrane permeability assays, the cultures were treated with 0 mM, 0.5 mM, or 1.0 mM hygromycin B (Hyg; Life Technologies) for 10 min prior to induction with 2 mM IPTG. The cells were harvested by centrifugation for 30 min after induction, resuspended in 2ϫ NuPAGE lithium dodecyl sulfate (LDS) sample buffer (Life Technologies) containing ␤-mercaptoethanol (Sigma), boiled for 5 min, and then analyzed by SDS-PAGE and Western blotting using an anti-MBP polyclonal antibody (New England BioLabs).
Membrane permeability assays in mammalian cells. Plasma membrane permeability assays in mammalian cells were conducted as described previously (23) (24) (25) (26) , with some modifications. HEK293T cells in 24-well plates were transfected with pAcGFP1c2, pAcGFP1c2-BEFV␣1, or pAcGFP1c2-BTVNS3. At 21 h posttransfection, the medium was removed, the cells were washed 3 times with methionine plus cysteine-free EMEM (MP Chemicals) containing 0.1% BSA, and 1 ml of the same medium was added to each well. Cells were pretreated with 1 mM hygromycin B (Hyg) in 1 ml of the same medium for 20 min or maintained in Hyg-free medium (controls), and then 150 Ci L-[
35 S]methionine and cysteine (Perkin-Elmer) was added to each well for 3 h at 37°C. The cultures were then rinsed 3 times in the same medium and harvested in 200 l of Y-PER yeast protein extraction reagent (Thermo-Scientific) containing 1ϫ protease inhibitor cocktail set V, EDTA free (Calbiochem). Cell preparations were vortexed for 20 min, centrifuged at 10,000 ϫ g for 20 min at room temperature, and then added in 1:1 volumes to 2ϫ Nu-PAGE LDS sample buffer (diluted in sterile H 2 O with ␤-mercaptoethanol [Sigma]). Samples were heated at 85°C for 15 min and then subjected to electrophoresis (5 l of sample was loaded) using 4 to 12% bis-Tris SDSpolyacrylamide gels and 1ϫ MES (morpholineethanesulfonic acid) running buffer (Life Technologies) according to the manufacturer's instructions. Gels were fixed (70% methanol, 10% acetic acid) for 30 min, soaked in Amplify reagent (Amersham) for 30 min, placed in gel drying fluid (40% methanol, 10% glycerol, 7.5% acetic acid) for 5 min, and then dried overnight on glass plates using gel drying film (Promega). Once dried, the gels were exposed to BioMax MR film (Kodak) at Ϫ80°C, as required.
Propidium iodide staining was conducted in BHK-BSR cells transfected with pAcGFP1c2, pAcGFP1c2-BEFV␣1, or pAcGFP1c2-BTVNS3. At 24 h posttransfection, cells were washed 2 times for 5 min each time with PBS and then stained with 250 l of 20 ng/l propidium iodide in Opti-MEM medium (Life Technologies) for 30 min at 37°C. Glass coverslips were removed, washed once in PBS, mounted on microscope slides, and imaged as described above. To assess membrane permeability in infected cells, BHK-BSR cells were infected with 0.1 50% tissue culture infective dose (TCID 50 )/cell of either BEFV CS1856 (which expresses ␣1) or BEFV CS919 (which is deficient in ␣1). At 1 hpi, 19 hpi, and 25 hpi, cells were washed 2 times for 5 min each time with PBS and then stained with 250 l of 20 ng/l propidium iodide in Opti-MEM medium for 30 min at 37°C. Cells were washed 2 times for 5 min each time in ice-cold PBS, placed on ice, and then stained for 1 h with anti-G rabbit polyclonal antibody and imaged as described above.
Affinity chromatography and mass spectrometry. Affinity chromatography was conducted using GFP-binding protein coupled to agarose beads (ChromoTek). BHK-BSR cells were seeded and transfected in 6-cm petri dishes with either pAcGFP1c2 or pAcGFP1c2-BEFV␣1. After 24 h, the cells were washed in PBS and harvested in 200 l ice-cold lysis buffer (10 mM Tris HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, 1ϫ Sigma P2714 protease inhibitor), incubated for 30 min on ice with frequent pipetting, and centrifuged at 10,000 ϫ g for 5 min at 4°C. The clarified supernatants were transferred to precooled tubes and adjusted to 1 ml with ice-cold dilution buffer (lysis buffer without NP-40). The GFP beads were washed 3 times with 500 l ice-cold dilution buffer, 20 l of the commercial bead suspension was added to each lysate, and the mixture was incubated for 1 h at 4°C with gentle agitation. The beads were then harvested by centrifugation at 2,000 ϫ g and washed 3 times with dilution buffer, resuspended in 20 l of 2ϫ NuPAGE LDS sample buffer, and boiled for 5 min prior to SDS-PAGE. Following electrophoresis, the gels were washed 3 times for 10 min each time in water, stained overnight with colloidal Coomassie brilliant blue R250, and destained in water. Stained bands were excised, and the proteins were analyzed by mass spectrometry (MS) (27) . Capillary high-pressure liquid chromatography (HPLC)-tandem MS (MS/MS) analysis of the in-gel tryptic digests was performed using a Shimadzu Prominence HPLC system (Shimadzu) interfaced with a linear ion trap (LTQ)-Orbitrap-Velos Pro hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). The tryptic digests were acidified, loaded onto a 120-Å, 3-m-particle-size, 300-m by 10-mm C 18 vol] formic acid) for 3 min at 40°C, and subsequently gradient eluted onto a preequilibrated self-packed analytical column (Maisch GmbH Reprosil-Pur C 18 -AQ, 120 Å, 150 m by 200 mm) using a flow rate of 900 nl/min. The LTQ-Orbitrap-Velos Pro mass spectrometer was controlled using Xcalibur (version 2.0) software (Thermo Fisher Scientific) and operated in a data-dependent acquisition mode to automatically switch between Orbitrap MS and ion trap MS/MS. The survey full-scan mass spectra (m/z 300 to 1,700) were acquired in the Orbitrap mass spectrometer with the resolving power set to 60,000 (at 400 m/z) after accumulating ions to an automatic gain control target value of 1.0 ϫ 10 6 charges in the LTQ mass spectrometer. MS/MS spectra were acquired in parallel on the 15 most intense ions from the survey scan in the LTQ mass spectrometer filled to an automatic gain control target value of 5.0 ϫ 10 3 . The liquid chromatography-MS/MS data were processed by Proteome Discoverer (version 1.3) software (Thermo Fisher Scientific), and searches against the complete Swiss-Prot protein database were performed with an in-house Mascot server (Matrix Science). The Mascot search parameters were enzymatic cleavage set to tryptic (allowing a max- imum of two missed cleavages) and carbamidomethylation of cysteine specified as a fixed modification. Deamidation of asparagine and glutamine, and methionine oxidation were specified as variable modifications. Fragment ion and parent ion mass tolerances were set to 0.8 Da and 20 ppm, respectively (27) . Protein identifications obtained from the Mascot search results were processed using Scaffold (version 3.0) software (Proteome Software, Inc.), and protein and peptides (minimum of two peptides for confident identification of a protein) were filtered with minimum identification probabilities of 95% and 99.9%, respectively.
RESULTS

Structural characteristics of the BEFV ␣1 protein.
The BEFV ␣1 gene encodes a 10.5-kDa (88-aa) protein (Fig. 1) . Membrane topology predictions (with the TOPPRED, HMMTOP, and Phobius programs) indicate that the ␣1 protein contains a single central transmembrane domain, an aromatic-residue-rich 36-aa N terminus oriented toward the ER lumen, and a highly basic 35-aa C terminus which is located in the cytosol. Although other architectures occur among known viroporins, this topology is characteristic of class IA viroporins, such as the influenza A virus (IAV) M2 protein, HIV-1 Vpu, and SARS-CoV E protein (10) . The BEFV ␣1 N-terminal ectodomain contains four tryptophan residues and is predicted to contain a single phosphorylation site (NetPhos); tryptophan residues that also feature in the N-terminal ectodomains of other class IA viroporins and in IAV M2 have been shown to act as a gate to facilitate asymmetric conductance through the ion channel (28) . The ␣1 C-terminal endodomain is predicted with high probability (with the Jpred3 program) to assume an ␣-helical conformation throughout much of its length and to contain a single phosphorylation site and a strong nuclear localization signal (NLS). The ␣1 proteins of other ephemeroviruses (species Berrimah virus [BRMV], Adelaide River virus [ARV], and Obodhiang virus [OBOV] ) are predicted to have the same topology and similar features, including a C-terminal NLS (Fig. 1) .
Expression of ␣1 during BEFV infection of mammalian cells. BHK-BSR cells were infected with BEFV CS1865 or BEFV CS919 at a multiplicity of infection of 0.1 TCID 50 /cell and stained at 24 hpi using BEFV ␣1 polyclonal antibody or BEFV N monoclonal antibody 11A3 ( Fig. 2A and B) . BEFV CS919 has a truncated transcription termination signal in the G NS gene immediately upstream of the ␣1 ORF and expresses only a G NS -␣1 bicistronic mRNA (D. A. Joubert, L. Trinidad, and P. J. Walker, unpublished data). BEFV N monoclonal antibody 11A3 strongly stained the cytoplasm of cells infected with either strain, but BEFV ␣1 polyclonal antibody stained only cells infected with BEFV CS1865. For BEFV ␣1, the staining pattern was largely perinuclear, with little evidence of staining at the plasma membrane or in the nucleus. BEFV N protein appeared to be more evenly distributed throughout the cytoplasm. Immunoblots conducted on the BEFV CS1865-infected BHK-BSR cells indicated low-level expression of BEFV ␣1 from 1 hpi, with the band intensity increasing as infection progressed up to 40 hpi (Fig. 2C ). An additional smaller band detected in cells infected with BEFV CS1865 appeared to be a degradation product. As expected, no BEFV ␣1 expression could be detected in cells infected with BEFV CS919 (result not shown).
Effect of BEFV ␣1 induction on E. coli growth kinetics. The BEFV ␣1 gene and the BTV NS3 gene (shown previously to encode a viroporin) (26) were cloned into vector pMALc5x downstream of the maltose binding protein, and the constructs (pMALc5x-BEFV␣1 and pMALc5x-BTVNS3, respectively) were transformed into E. coli DH5␣. The empty vector served as a negative control. The cultures were induced with IPTG when the OD 600 reached 0.4. Immunoblot analysis of cultures at 30 min postinduction using anti-MBP antibody indicated that BEFV ␣1 and BTV NS3 were each induced efficiently ( Fig. 3B and C) . To determine the effect on E. coli growth kinetics, the OD 600 of the cultures was assayed at 15-min intervals postinduction. As shown in Fig. 3A , all noninduced cultures and the IPTG-induced culture transformed with the empty vector exhibited very similar and typical E. coli growth kinetics. However, induction of BEFV ␣1 or BTV NS3 arrested E. coli growth, with almost complete growth arrest occurring in cultures transformed with the plasmid expressing the BEFV ␣1 fusion protein. Neither BEFV ␣1 nor BTV NS3 expression in E. coli DH5␣ (i.e., in the absence of T7 lysozyme) resulted in bacterial cell lysis.
Effect of BEFV ␣1 expression on cell membrane permeability. Hygromycin B (Hyg) is a low-molecular-weight compound that inhibits translation in permeabilized cells and has been used previously to characterize viroporin activity (26) . To determine the effect of BEFV ␣1 expression on E. coli membrane permeability, cells were transformed with pMALc5x, pMALc5x-BEFV␣1, and pMALc5x-BTVNS3 and treated with Hyg 10 min prior to induction with IPTG. The effect of Hyg on protein synthesis at 30 min postinduction was determined by SDS-PAGE and immunoblotting using anti-MBP antibody (Fig. 4) . Hyg treatment resulted in no inhibition of protein synthesis in E. coli expressing only MBP, but there was a marked dose-dependent reduction of protein synthesis in cells expressing the MBP-BEFV␣1 or MBP-BTVNS3 fusion protein.
To determine the effect of BEFV ␣1 on mammalian cell permeability, HEK293T cells were transfected with plasmid pAcGFP1c2 (expressing the GFP reporter gene) or with pAcGFP1c2-BEFV␣1 or pAcGFP1c2-BTVNS3 (expressing the respective GFP fusion proteins). At 21 h posttransfection, cysteine-and methionine-free medium was added, and at 24 h posttransfection, the cells were treated with Hyg in cysteine-and methionine-free medium for 20 min and then radiolabeled for 3 h with L-[
35 S]methionine and cysteine. The effect of Hyg treatment on protein synthesis was assessed by SDS-PAGE and autoradiography (Fig. 5A ). HEK293T cells expressing only GFP showed very little or no inhibition of protein synthesis, whereas protein synthesis was almost completely inhibited in cells expressing BEFV ␣1 or BTV NS3.
To assess further the effect of BEFV ␣1 on membrane permeability, BHK-BSR cells were either transfected as described above 
S]methionine and cysteine and analyzed by SDS-PAGE. (B and C) BHK-BSR cells infected with BEFV CS919 (B) or BEFV CS1865 (C). At 25 hpi, cells were stained with propidium iodide (red), followed by immunostaining with polyclonal antibodies against BEFV G protein (green) and imaging using confocal microscopy. (D to F) BHK-BSR cells transfected with pAcGFP1c2 (D), pAcGFP1c2-BEFV␣1 (E), or pAcGFP1c2-BTVNS3 (F)
. At 24 hpi, cells were stained with propidium iodide (red) and imaged using confocal microscopy.
or infected with BEFV CS1865 (expressing ␣1) or BEFV CS919 (not expressing ␣1) and then stained with propidium iodide at 24 h posttransfection or 25 hpi. Control cells expressing only GFP showed minimal propidium iodide staining, whereas cells expressing BEFV ␣1 or BTV NS3 were clearly stained (results not shown). Similarly, cells infected with BEFV CS1865 could be stained with propidium iodide, whereas cells infected with BEFV CS919 showed very little staining (Fig. 5B and C) . Subcellular localization of BEFV ␣1. To identify the localization of BEFV ␣1 in infected cells, BHK-BSR cells or Vero cells were transfected with plasmid pAcGFP1c2-BEFV␣1 expressing the GFP fusion protein. Transfected cells were fixed at 24 hpi, permeabilized with Triton X-100, stained with either GM130 (Golgi complex marker) or anti-PDI (ER marker), and visualized by confocal microscopy. BEFV ␣1 was observed to be cytoplasmic with evidence of strong colocalization with the Golgi complex marker, and no clear evidence for a strong association with the ER was found (Fig. 6) . As the C-terminal cytoplasmic domain of BEFV ␣1 is predicted to contain a strong NLS, BHK-BSR cells were transfected with plasmid pAcGFP1c2-BEFV␣1, and the nuclear export protein receptor CRM1 was blocked by treatment with leptomycin B at 24 to 27 h posttransfection to prevent nuclear export. The pAcGFP1c2 vector and pEGFPc1-NiV (expressing the Nipah virus V protein) were used as negative and positive controls, respectively. As shown in Fig. 7 , leptomycin B resulted in no accumulation of BEFV ␣1-GFP in the nucleus, confirming that it has no detectable nuclear presence.
To further assess the significance of the predicted NLS, the N-terminal ectodomain (M , respectively. BHK-BSR cells were transfected with these plasmids or pAcGFP1c2-BEFV␣1 expressing the full-length BEFV ␣1 fusion protein and at 24 h posttransfection were examined by confocal microscopy as described above. As shown in Fig. 8 , there was strong nuclear fluorescence in cells transfected with the C-terminal fragment. In contrast, both full-length BEFV ␣1 protein and the N-terminal fragment were detected mainly in the cytoplasm.
BEFV ␣1 specifically binds importins ␤1 and 7. A GFP trap was employed to identify specific cytoplasmic interactions of BEFV ␣1 with cellular proteins. BHK-BSR cells were transfected with the vector pAcGFP1c2 or with pAcGFP1c2-BEFV␣1. At 24 h posttransfection, clarified cell lysates were prepared and incubated with GFP-binding protein coupled to agarose beads. Proteins bound to the washed beads were eluted and resolved by SDS-PAGE. Three bands binding specifically to BEFV ␣1 (migrating at approximately 120 kDa, 97 kDa, and 60 kDa) were excised from the gels, and the components were identified by mass spectrome- try (Fig. 9A) . Two of the most abundant proteins in the binding fractions were identified as importin ␤1 (molecular mass, 97 kDa) and importin 7 (molecular mass, 120 kDa) (see Table S1 in the supplemental material), each of which has a role in the nuclear translocation of proteins through binding to NLS. Other karyopherins were also detected as minor components of the excised bands, including importin 5 (molecular mass, 124 kDa), importin 8 (molecular mass, 120 kDa), transportin 1 (molecular mass, 102 kDa), and importin ␣2 (molecular mass, 58 kDa). Proteins detected at low levels included serum proteins (e.g., albumin, plasminogen) and commonly detected contaminants (e.g., keratin, trypsin). The specificity of the interactions was confirmed in an independent GFP trap experiment in which the GFP-BEFV ␣1-binding fraction and the GFP-binding fraction were resolved by SDS-PAGE and examined by Western blotting using antibodies specific to importin ␤1, importin 7, and importin ␣3. As shown in Fig. 9B , importin ␤1 and importin 7, but not the related importin ␣3, were detected in the BEFV ␣1-binding fraction.
To identify the interactive domain, another GFP trap experiment was performed with clarified cell lysates prepared from HEK293T cells transfected with pAcGFPc2, pAcGFPc2-BEFV␣1, pAcGFP1c2-BEFV␣1[N] (expressing the 36-aa N-terminal domain), and pAcGFP1c2-BEFV␣1[C] (expressing the 36-aa C-terminal domain). Western blotting with antibodies specific to importin ␤1 confirmed specific binding of pAcGFP1c2-BEFV␣1[C] to importin ␤1. Quantification of the signal intensity indicated that pAcGFP1c2-BEFV␣1[C] bound importin ␤1 much more strongly than pAcGFP1c2-BEFV␣1[N], but both were less efficient at binding than pAcGFPc2-BEFV␣1 (Fig. 9C) .
BEFV ␣1 inhibits the nuclear localization of importin ␤1. To further assess the significance of the interaction between BEFV ␣1 and importins ␤1 and 7, the effect of BEFV ␣1 expression on importin ␤1, importin 7, and importin ␣3 localization was investigated. BHK-BSR cells were transfected with either pAcGFPc2 or pAcGFPc2-BEFV␣1, fixed at 24 h posttransfection, immunostained with antibodies against importin ␤1, importin 7, or importin ␣3, and visualized by confocal microscopy (Fig. 10A) . Expression of BEFV ␣1 reduced the ratio of nuclear fluorescence to cytoplasmic fluorescence (F n/c ) for cells stained for importin ␤1, indicating a significantly (P Ͻ 0.001) lower level of nuclear accumulation of importin ␤1 relative to that for cells transfected with pAcGFP2 alone (Fig. 10B) . However, BEFV ␣1 expression had no significant effect on the localization of importin 7 or importin ␣3.
Lack of an effect of BEFV ␣1 expression on nuclear accumulation of SV40 T-antigen or histone H1. To assess whether BEFV ␣1 expression affects the subcellular localization of nuclear import cargoes dependent on importin ␤1, COS-7 cells were 
ng/ml leptomycin B (LMB). (B)
The ratio of nuclear fluorescence to cytoplasmic fluorescence (F n/c ), determined using ImageJ software from Ͼ30 imaged cells per transfection. Statistical analysis was performed using a Mann-Whitney test with a 95% confidence interval, and significant differences are indicated (***, P Ͻ 0.05). cotransfected either with pAcGFP1c2 and pDEST-RFP-H1°or with pAcGFP1c2-BEFV␣1 and pDEST-RFP-H1
o and fixed at 24 h posttransfection. COS-7 cells expressing SV40 large T antigen were also transfected with either pAcGFP1c2 or pAcGFP1c2-BEFV␣1, fixed at 24 h posttransfection, and immunostained with anti-T-antigen antibody. The cells were visualized by confocal microscopy, and F n/c was determined for both histone H1 and T antigen. BEFV ␣1 had no significant effect on the nuclear accumulation of either histone H1 (Fig. 11) or SV40 large T antigen (results not shown).
DISCUSSION
For many years, vesicular stomatitis virus (VSV) and rabies virus (RV) have served as important models for the study of negativesense RNA viruses. However, with over 30 complete rhabdovirus genomes sequenced to date, it has become evident that the relatively simple genome organization and expression strategy of vesiculoviruses and lyssaviruses are far from representative of the Rhabdoviridae as a whole and that, in addition to the five major structural proteins (N, P, L, G, and L), all rhabdoviruses appear to encode one or more additional proteins, either as independent genes or as alternative or overlapping ORFs (5) . Few of this growing number of putative rhabdoviruses proteins have yet been shown to be expressed during infection and characterized functionally.
Ephemerovirus genomes are among the largest and most complex of those of the rhabdoviruses sequenced to date, containing up to six additional ORFs in the region between the G and L genes.
Here we demonstrate that the BEFV ␣1 protein is expressed during infection and, as predicted previously from the deduced amino acid sequence (4), functions as a viroporin. Recombinant BEFV ␣1 fusion proteins were shown to inhibit log-phase growth kinetics when expressed in E. coli and induce a dose-dependent increase in membrane permeability to Hyg in bacteria and mammalian cells. E. coli expression systems have been used extensively to assess viroporin-induced modifications to membrane permeability by inhibition of growth kinetics and induction of cell lysis by allowing access of coexpressed T7 lysozyme through the inner membrane to the peptidoglycan layer (29) (30) (31) (32) (33) (34) (35) . IPTG-induced expression of BEFV ␣1 (or BTV NS3) as an MBP fusion protein in E. coli DH5␣ (lacking T7 lysozyme) resulted in an immediate arrest of log-phase cell growth but did not result in cell lysis. Similar results have been reported for the influenza virus M2 protein and rotavirus NSP4 when induced in the absence of T7 lysozyme, and this has been interpreted to indicate that the viroporin-induced inner membrane permeabilization is not the direct cause of bacterial cell lysis (30, 36) . Sensitivity to Hyg has previously been employed to identify other recognized viroporins, including the BTV NS3 protein, IAV M2 protein, poliovirus 2B protein, murine hepatitis virus E protein, Sindbis virus 6K protein, hepatitis C virus p7 protein, and JC polyomavirus angoprotein (13, 26, 32, 37 , 38). Hyg inhibits translation in bacterial and eukaryotic cells by interfering with aminoacyl-tRNA recognition and ribosomal translocation (39, 40) , if access to the cytoplasm is facilitated by cell membrane permeabilization. In E. coli, the BEFV ␣1 protein was less effective than BTV NS3 in inducing sensitivity to Hyg under the conditions used. However, in mammalian cells, protein synthesis was totally abolished by Hyg treatment 24 h after transfection with plasmids expressing either BTV NS3 or BEFV ␣1. Propidium iodide has also been used previously to evaluate membrane permeability (41) . We have shown here for the first time that mammalian cells overexpressing BEFV ␣1 (or BTV NS3) are permeable to propidium iodide, while the dye is excluded from cells expressing GFP alone. Similarly, infection with BEFV strain CS1865 increased membrane permeability to propidium iodide, while the dye was excluded from cells infected with BEFV CS919, which does not express ␣1. Together, these data indicate that BEFV ␣1 has membrane permeabilization properties consistent with those described for other recognized viroporins.
Recombinant BEFV ␣1 protein also demonstrated a strong membrane association, colocalizing in transfected cells with cisGolgi matrix marker GM130 (42) . Although viroporins have been observed to be associated with various cellular membranes, a specific association with the Golgi complex has been reported for BTV NS3 protein, the poliovirus and coxsackievirus 2B proteins, and respiratory syncytial virus (RSV) SH protein (26, (43) (44) (45) (46) . The coxsackievirus 2B protein has been shown to perturb cellular Ca 2ϩ homeostasis, resulting in an influx of extracellular Ca 2ϩ , decreased Ca 2ϩ signaling between the endoplasmic reticulum and mitochondria, and the suppression of caspase activation and apoptotic cell death (47) . The poliovirus 2B protein and the RSV SH have also been shown to inhibit apoptosis (48, 49) , but there is also contrary evidence that the poliovirus 2B protein and several other viroporins induce apoptosis in some cell lines via the mitochondrial pathway (13) . It has been suggested that viroporins may both suppress and induce apoptosis at different stages of infection (13) . BEFV has been shown to induce apoptosis in a process that The ratio of nuclear fluorescence to cytoplasmic fluorescence (F n/c ) from Ͼ30 imaged cells per transfection was determined using ImageJ software. Statistical analysis was performed using a Mann-Whitney test, as described in the legend to Fig. 7 . IMP, importin; NS, not significant. requires viral gene expression and occurs through activation of Fas-and mitochondrion-mediated pathways (50, 51), but it is not known at this time if ␣1 is involved.
The cytoplasmic tail domains of several viroporins have been reported to have secondary functions associated with virus assembly (52, 53) , degradation of CD4 (15) , and the binding of caveolin-1 (14, 16) . Here, we show that the BEFV ␣1 C-terminal domain contains predicted nuclear localization signals and, when expressed in mammalian cells independently of the transmembrane domain, is translocated to the nucleus. We also show using a pulldown assay that the BEFV ␣1 protein binds to importins in transfected cells, with strong evidence of interaction with importin ␤1 and importin 7. Logically, this is likely to occur through the ␣1 C-terminal domain, and this was confirmed in pulldown assays. Furthermore, overexpression of BEFV ␣1 led to a significant reduction of importin ␤1 accumulation in the nucleus. It is not clear at this stage why there was no evidence of specific nuclear exclusion of importin 7, but it may have been due to a relatively higher affinity of BEFV ␣1 for importin ␤1.
Although they were not previously associated with viroporins, other viral proteins have been reported to bind and sequester karyopherins in the cytoplasm. Ebola virus VP24 blocks interferon signaling by binding to importin ␣1, importin ␣5, and importin ␣6, which are the NLS receptors for activated STAT-1, inhibiting its nuclear translocation (54, 55) . A region of the capsid protein of the alphavirus Venezuelan equine encephalitis virus also contains nuclear import and nuclear export signals which mediate the formation of a tetrameric complex with importin ␣/␤ and the nuclear export receptor CRM1, obstructing translocation of cargo (56) . Similarly, the SARS-CoV ORF6 protein is an ER/ Golgi complex-associated transmembrane protein that tethers importin ␣2 and importin ␤2 to the membrane through its C-terminal tail, blocking the nuclear translocation of STAT-1 and interferon-stimulated gene expression (57) . Although other karyopherins (including importin ␣2) were detected in the BEFV ␣1 binding fraction, the major interactions that we detected were with the karyopherin ␤ family importins ␤1 and 7. The classical nuclear translocation pathway involves NLS recognition by importin ␣, which forms a complex with importin ␤ to bind cargo. However, many proteins are known to bind directly to importin ␤s, including importin ␤1, which, in addition to their roles as nuclear transporters, are known to have diverse functions, including as microtubule motor adaptors, in controlling mitotic functions ranging from spindle assembly to nuclear envelope and nuclear pore assembly (58) . Although the importin ␤1/importin 7 complex has been specifically implicated in the nuclear import and suppression of aggregation of highly basic cargoes such as histone H1 (58), we could find no evidence that BEFV ␣1 inhibited nuclear accumulation of histone H1 or, indeed, of the importin ␣/␤ cargo SV40 T antigen (59) . This implies that importin binding by BEFV ␣1 does not impact nuclear transport, at least in the absence of other viral proteins/viral infection. Detailed examination of the role of BEFV ␣1 interaction with karyopherins during infection is a focus of future work in this laboratory.
Small hydrophobic proteins with structural similarity but little or no sequence identity to the BEFV ␣1 protein appear to occur commonly in animal rhabdoviruses (5) . All other ephemeroviruses (Berrimah virus, Kimberley virus, Malakal virus, Adelaide River virus, Obodhiang virus, and Kotonkan virus) encode ␣1 proteins in the long G-L intergenic region, directly downstream of the nonstructural glycoprotein (G NS ) gene (6, 7, 60) . Tibroviruses (Tibrogargan virus and Coastal Plains virus), which lack a G NS gene, encode proteins of similar sizes and structures in the U3 ORF immediately downstream of the G gene (8) , as do the Hart Park group rhabdoviruses (Wongabel virus and Flanders virus) in Immunofluorescence images of COS-7 cells transfected with pAcGFP1c2 and pDEST-RFP-H1°or pAcGFP1c2-BEFV␣1 and pDEST-RFP-H1°. (B) The ratio of nuclear fluorescence to cytoplasmic fluorescence (F n/c ) from Ͼ30 imaged cells per transfection was determined using ImageJ software. Statistical analysis was performed using a Mann-Whitney test, as described in the legend to Fig. 7. the U5 ORF, which overlaps the end of the G gene (5, 61) . Other rhabdoviruses (Tupaia rhabdovirus, Durham virus, and Oak Vale virus) encode small hydrophobic proteins between the M and G genes (62) (63) (64) , but they differ in structure from the ␣1 proteins, and it is yet to be established if they function as viroporins.
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